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(57) Abstract: This invention describes a one pot, single-step process for the preparation of halide-free hydrophobic salts compris- 
ing polyalkylated imidazolium cations and various anions in accordance with the following structure, where R' and R^ represent 
the either the same or different alkyi groups, and R^, R**, and R' represent either hydrogen atoms, or the same or different alkyl 
group substituents; X represents a polyatomic anion that is the conjugate base of an acid. By simply mixing aqueous formaldehyde 
with an alkyl amine such as methylamine, ethylamine, w-propyl ortso-propylamine, or n-butyl-, i.so-butyl, or /-butylamine, or by 
mixing aqueous formaldehyde with two alkyl amines (preferably one being methylamine, ethylamine, n-propyl- or wo-propylamine, 
or fi-butyl-, £so-butyl, or /-butylamine) and another being ^-propyl- or iso- propylamine, or /2-butyl-, tso-butyl, or /-butylamine), an 
acid (such as hexafluorophosphoric acid, trifluoroacetic acid, pemafluoropropionic, heptafluorobutyric acid, or the free acid of a 
Z>/5(perfluoroalkylsulfony)imide or tris(perf1uoroalkylsulfonyl)methide as the source of the anion) and aqueous glyoxal solution, the 
hydrophobic ionic salts or mixtures thereof thus formed may be conveniently separated directly from the aqueous byproduct layer. 
Like the single cation hydrophobic salts, these mixed hydrophobic ionic liquids are non-flammable and manifest no detectable vapor 
pressure up to their decomposition tempperature of greater than 300° C. We have also discovered that, surprisingly, ternary mixtures 
of dialkylated ionic liquids manifest higher ionic conductivities than a single ionic liquid of the mixture alone. This property benefits 
electrochemical power source applications such as batteries and capacitors. Furthermore, we have discovered that ternary mixtures 
of dialkylated ionic liquids absoii) microwave radiation more efficiendy than a single ionic liquid of the mixture alone. This prop- 
erty benefits microwave-induced synthetic reactions. Such physical and chemical properties make it possible to employ inexpensive 
mixtures of polyalkylated imidazolium cations in an advantageous manner as thermal transfer fluids, high temperature lubricants, 
and plasticizers, and as solvents in the areas of electrochemistry, synthetic chemistiy, catalysis, and separations chemistry. 
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TITLE OF THE INVENTION 

5 ONE-STEP PROCESS FOR THE PREPARATION OF HALIDE-FREE 

HYDROPHOBIC SALTS 

10 CROSS REFERENCE TO RELATED APPLICATIONS 

This ^plication claims the priority of U.S. Provisional Application No. 60/262,661 
ffled January 22, 2001 entitled ONE-STEP PROCESS FOR PREPARATION OF 
HYDROPHOBIC IONIC LIQUIDS, the whole of which is incorporated by reference 
IS herein. 

FIELD OF THE' INVENTION 

This invention relates to a simple, one-step method of preparing halide-free 
20 hydrophobic salts comprising polyalkylated imidazoUimi cations and mixtures thereof 

using inexpensive reactants. Such polyalkylated imidazoUum cations, when paired 
with polyatomic anions for charge balance, offer tremendous potential in applications 
such as thermal transfer fluids, hijgh temperature lubricants, and plasticizers, and as 
solvents in the areas of electrochemistry, synthetic chemistry, catalysis, and separations 
25 chemistry. 

BACKGROUND OF THE INVENTION 

Hydrophobic salts are a class of materials comprising electronically delocalized organic 
30 cations and polyatomic organic or inorganic anions. These salts, which typically 

possess melting points of less than 175°C, and more particularly, below 150°C, may 
also be liquid at room temperature and below. 

In thel940s Hurley and Wier first disclosed the preparation and use of ionic salts, which 
35 were fluid at room temperature, comprising the electronically delocalized N- 

alkylpyridinium cation and haloaluminate inorganic anions in a series of U.S. Patents 
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(Nos. 2,446,331, 2,446,339, and 2,446,350). However, the practical utUity of these 
haloaluminate-based pyridinium salts is severely compromised by their extremely high 
reactivity with trace amounts of wata: leading to the liberation of heai and toxic gases. 

5 In the 1990s, an: and water stable salts comprising the electronically delocalized 1,3- 
dialkylimidazolimn cation and non-haloaluminate anions, e.g.. BF4' and PFe' were 
prq)ared by Wilkes and coworicers {J. Chem. Soc. Chem. Comm. 965 [1992]). 
However, these salts, because flie alkyl groups on the imidazolium cation possessed 
less than three caibon atoms, have a significant solubiUty in water and may not be 

10 described as "hydrophobic". Ellis describes (WO 9618459) a process for making ionic 
Uquids by reactmg a solution of a lead salt of an anion desired in the ionic Uquid with 
1,3-diallqrHmidazolium halide salts, and separating the lead halide predpitate from an 
aqueous sohition of the hydrophiUc ionic Uquid product Finally, in U.S. Patent No. 
5,182,405 Arduengo describes a one-step process for the jHrtparation of salts comprising 

15 1,3-disubstitated imidazolium cations and the conjugate base of an add. These salts, 

which are highly hydiophilic, are prq)ared via reaction of an a/pAa-dicaibonyl 
compound, an aldehyde (in toluene), an amine, and an add cranpriang hydrogen 
halides, sulfuric acid, or phosphoric add. 

20 The multi-step preparation of the more tedmologically useful hydrophobic salts 
comprising 1,3-dialkylimidazolium cations and the fcw[trifluoromefhylsulfonyl]imide 
anion was disclosed in U.S. Patent No. 5,683,832 and in Inorg. Chem. 1168 (1996). 
U.S. Patent No. 5,827,602 describes a multi-step reaction route leading to a broad 
spectrum of air and water stable hydrophobic salts conqirising 1,3-dialkylimidazoKum 

25 cations coupled with non-Lewis acid containing polyatomic anions possessing a van der 
Waals volume of greater than 100 A . 

However, all of the known procedures for preparation of hydrophobic salts minimally 
involve a two-step reaction sequence starting with an expensive l-alkyllimidazole 
30 followed by alkylation by an alkyl halide. In addition to the high cost of the 
alkylimidazole, haUde impurities (such as CT, Bf , and T) from alkyl haUde starting 
materials are botii difficidt and time consuming to remove. The purification step 
employing a silver reagent to produce halide-fiBe hydrophobic salts is very ejq)eiisive 
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and unsuitable as an industrial process. Therefore, a need exists to improve the process 
for the preparation of ionic salts that are both hydrophobic and halide-free. The ability 
to inexpensively produce industrial quantities of such salts will enable the introduction 
of these technologically useful materials into a host of cost-sensitive chemical and 
5 engineering £qyplications. 



BRIEF SUMNIARY OF THE DSr^WnON 

10 One object of this invention is to describe a novel process capable of producing 

hydrophobic salts ine?q>ensively and halide-free. Another object of this invention is to 
produce mixtures of low melting hydrophobic salts ine3q>ensively and halide-free. A 
further object of this inv^tion is to demonstrate that mixtures of hydrophobic salts 
possess hitherto unrealized advantages that make such mixtures more useful for various 

1 5 appUcations flian a single hydrophobic salt alone. 

This invention describes a one pot, single-step process for the preparation of halide-free 
hydrophobic salts comprising polyalkylated imidazolium cations and various anions in 
accordance with the following structure. 



20 




where Ri and R3 represent the either the same or different alkyl groups, and R2, R4, and 
R5 represent either hydrogen atoms, or the same or dififerent alkyl group substituents; X" 
represents a polyatomic anion that is the conjugate base of an acid. 

25 

By simply mixing aqueous formaldehyde with an alkyl amine such as methylamine, 
ethylamine, n-propyl- or ^^-propylamine, or n-butyl-, fco-butyl, or /-butylamine, or by 
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mixing aqueous foimaldehyde with two alkyl amines (preferably one being 
methylamine, ethylamine, n-propyl- or iso-propylamine, or n-butyl-, iso-butyl, or t- 
butylamine) and another being n-propyl- or iso-propylamine, or n-butyl-, iso-butyl, or t- 
butylamine), an acid (such as hexafluoiophosphoric acid, trifluoroacetic acid, 
5 pentafluoropropionic, heptaauoiobutyric arad, trifluorosulfonic acid, or the free acid of 
a Z>is(perfluoroalkylsulfonyl)imide or tris(perfluorDalkylsalfonyl)mefhide as the source 
of the anion) and aqueous glyoxal solution, the hydrophobic salt thus formed may be 
convenienQy separated directly from the aqueous byproduct layer. 

10 Like the single cation hydrophobic salts, these mixed hydrophobic ionic Uquids are non- 
flammable and manifest no detectable v^or pressure up to their decomposition 
temperature of greater than 300°C. We have also discovered that, surprisingly, ternary 
mixtures of dialkylated ionic Uquids manifest higher ionic conductivities lhan a single 
ionic Uquid of the mixture alone. This property benefits electrochemical power source 

15 ^pUcations such as batteries and capacitors. Furfliemiore, we have discovered that 
ternary mixtures of dialkylated ionic Uquids absoA microwave radiation more 
efficiently than a single ionic Uquid of the mixture alone. This property benefits 
microwave-induced synthetic reactions. Such physical and chemical properties make it 
possfljle to enq>loy inexpensive mixtures of polyalkylated imidazoUum cations in an 

20 advantageous manner as thennal transfer fluids, high temperature lubricants, and 
plasticizers, and as solvents in the areas of electrochemistry, synthetic chemistry, 
catalysis, and separations chemistry. 

BRIEF DESCRIPTION OF TEIE HGURES 
25 Figure 1 shows a plot of tiie temperature of various neat ionic Uquids irradiated with 
microwave energy as a function of time. 

Figure 2 shows a plot of the teni?)erature of various ionic Uquids dissolved in propylene 
carbonate and irradiated with microwave energy as a function of time. 



30 



DETAILED DESCRIPTION OF THE INVENTION 
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Hydrophobic ionic salts based on polyaUc/Iated imidazolium cations ofTer tremendous 
potential in ^plications such as fhennal transfer fluids, high temperature lubricants, and 
plasticizers, and as solvents in the areas of electrochemistry, synthetic chemistry, 
catalysis, and separations chemistry. Huddleston and coworkers (Green Chemistry, 3, 
5 156 [2001]) have recently identified hydrophobic salts and hydrophobic ionic liquids as 

possessing superior physical and chemical properties over hydrophilic ionic liquids in 
respect to separations chemistry. Organic annulation reactions were found by Morrison 
and coworkers (Tet Lett, 42, 6053 [2001]) to proceed with excellent yields in a 
recyclable hydrophobic ionic liquid solvent. Zhang and coworkers (Polymer Preprints, 
10 42, 583 [2001]) have found that free-radical polymerization reactions conducted in 
hydrophobic ionic liquids achieved higher molecular weights than those conducted in 
conventional organic solvents. McEwen and coworkers (J. Electrochem. Soc, 146, 
1687 [1999]) have reported on the superiority of hydrophobic polyalkylated 
imidazolium salts as electrolytes for electrochemical double layer capacitors. 

15 

We have discovered that, surprisingly, ternary mixtures of dialkylated ionic liquids 
manifest higher ionic conductivities than a single ionic liquid of the mixture alone. 
Higher ionic conductivities allow an electrochemical power source, such as a battery or 
c^acitor, to deliver more power and also to enable low temperature 2?)plications. We: 

20 have also discovered that ternary mixtures of dialkylated ionic Uquids absorb 
miCTOwave radiation more eflBciently than a single ionic liquid of the mixture alone. In 
particular, we find that an inexpensive 2:1:1 mixture of hydrophobic 1,3-dialkylated 
imidazolium hexafluorophosphates A, B, and C shown below reaches temperatures in 
excess of 150°C in a matter of seconds. This property benefits microwave-induced 

25 synthetic reactions by reducing reaction times. 

Applications relying on hydrophobic ionic salts would greatly benefit from a simple, 
inexpensive synthetic route to these novel materials. Hydrophobic ionic salts have 
previously been synthesized by a multi-step route relying on imidazole, alkylated 
30 imidazoles, and alkyl haUde starting materials. Starting materials based on the 

imidazole ring are intrinsically expensive, and the use of alkyl hahdes in the reaction 
scheme results in CI", Br , and T byproducts that require extensive purification to 
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eliminate. This adds significantly to the overall cost of the desired hydrophobic ionic 
salts. 

The present invention provides a method for the convenient and inexpensive 
5 prq)aration of halide-firee hydrophobic salts conqirisiag one or more polyalkylated 

imidzolium cations and various polyatomic organic or inorganic anions. While 
Arduengo in U.S. Patent No. 5,182,405 teaches a similar one-step route to imidazoUum 
salts, it must be pointed out that such imidazoUum salts are extremely hydrophilic in 
nature, and more difBcxilt to purify than the hydrophobic ionic salts. The term 

10 **hydrophiUc salf ' is intended to mean a salt that is higihly soluble in water. The term 

'liydrophobic salf ' is intended to mean a salt that possesses very limited, if any, 
solubility in water. Some of the hydrophobic ionic salts may be termed ionic liquids. 
The t^m "ionic liquid" is intended to mean liquids that are comprised entirely of ions, 
and when in the neat form at a pressure of 1 atmosphere have a melting point of 150^C 

15 or less. 

We have developed a simple, one-step synthesis of the hydrophobic ionic salts shown 
below, where tiie Ri and R3 substituents of the polyalkylated imidazoUum cation are Ci. 
20 alkyl groups, 

20 




R2 

where "C1.20 alkyl" is intCTided to mean a linear, cycUc, or branched hydrocarbon group 
having from 1 to 20 carbon atoms, such as methyl, ethyl, w-propyl, wo-propyl, 
25 cyclopiopyl, n-butyl, jec-butyl, ^-butyl groiq), cyclobutyl, pentyl, cyclopentyl, 

hexadecyl, heptadecyl, octadecyl, or nonadecyL The R2, R4, and R5 substituents 



6 



wo 02/094883 



PCTAJS02/01766 



represent either hydrogen atoms, or the same C1.20 alkyl groiq) substituents as defined 
for Ri and R3 above. 

The coimter ion "X^* refers to either polyatomic inorganic or polyatomic organic anions 
5 that are the conjugate base of an acid '"HX". lUiistrative examples of such anions axe 
PF6", AsFe", SbFe', CnF2n + iC02". CnFm + iSOa", where n = 1 to 10 carbon atoms in either 
straigjit or branched chains, (CnFin + iS02)2N", (CnF2n + 1802)30 where n = 1 to 5 
caifoon atoms in either straight or branched chains, and (CnF2n + OPFs", (CnF2n + i)2PF4', 
(CnF2n + OsPFa'j and (CnF2ii + i)4PF2', where n = 1 to 5 carbon atoms in either straight or 
1 0 branched chains. 

Hydrophobic polyalkylated imidazolium salts are obtained in one step fix>m inexpensive 
and commercially available aldehydes, alkylamines, a-dicarbonyl compounds, glyoxal, 
and acids (HX) comprising polyatomic anions QC). 

15 

Aldehydes comprising either hydrogen or alkyl group substituents of from 1-10 carbon 
atoms are prefeired. Preferred alkylamines possess from 1-10 caibon atoms. When two 
or more amines are employed in the process, it is preferred that at least one amine 
comprise from 4-10 caibon atoms. a-Dicarbonyl compounds usefiil in the process 
20 preferably comprise either hydrogen and/or alkyl group substituents of from 1-10 

caifoon atoms. 

Acids (HX) must comprise polyatomic counterions (X^ and are limited to those 
counterions that result in hydrophobic rather than hydrophihc ionic salts. Preferred 
25 acids are HPFe, CF3CO2H, CF3SO3H, (CF3S02)2NH, (CF3S02)3CH, and (CF^}2^FaH., 

The one-step process to halide-free hydrophobic ionic salts can be earned out between 
from about -20°C to about ISO'^C, and most preferably between O'^C to 75°C, preferably 
with stirring. Reaction times may vary &om 1 to 72 hours depending upon the reaction 
30 temperature and more typically from 2 to 24 hours. 

The hydrophobic ionic salts typically form as a soUd precipitate, or as two liquid phases 
in the reaction vessel: a bottom layer comprising the hydrophobic ionic liquid (or ionic 
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liquid mixture) immiscible with water, and an aqueous top layer. The desired reaction 
products may be easily separated firom the undesired reaction byproducts by cotmnon 
means, for example by filtration in the case of solid products or decantation in the case 
of liquid products. It is the hydrophobic nature of the ionic salts of this invention that 
S allows them to be readily obtained in high purity thus precluding the e:q)ense incurred 
by the need for extensive purification. 

It has been discovered in this invention that salts composed of a mixture of three 1,3- 
dialkylimidazolium cations ( i.e., Ri ^ R3, ) and an anion, or of certain symmetrical 1,3- 
10 dialkylimidazolium cations, such as 1,3-di-n-propylimidazolium or 1,3-di-n- 
butylimidazohiun (i.e., Ri = R3 ) and a suitable anion are hydrophobic ionic liqwds at 
ambient temperature. The mixture of compounds can be represented by the following 
general structures. 




ABC 

15 

where Ri and R3 are alkyl radicals comprising a different number of carbon atoms, 
preferably Ri being a methyl, ethyl, n-propyl, wo-propyl, w-bulyl, sec-hutyU or ^-butyl 
groiQ) and R3 being a n-propyl, feo-propyl, n-butyl, 5ec-butyl, or r-butyl group, and R2, 
R4, and Rs represent either hydrogen atoms, or the same or difTerent alkyl group 

20 substituents as in Ri and R3. The mixture of imidazolium salts has a preferable ratio of 
A:B:C = 2:1:1. By using a slightiy higher proportion of n-propyl- or iso-propylamine, 
or n-butyl-, £sa-butyl-, or ^butylamine, hydrophobic ionic liquids having a higher ratio 
of A and C can be produced. In cases where Ri and R3 are identical, they should 
preferably be n-propyl, iso-propyl, n-butyl, z50-butyl, or f-butyl groups. The counter ion 

25 *1C** refers to either polyatomic inorganic or polyatomic organic anions that are the 
conjugate base of an acid **HX''. Illustrative examples of such anions are PFe", AsFe", 
SbFe", CJ?2ii + 1CO2", CnF2ii + 1SO3', where n = 1 to 10 carbon atoms in either straight or 
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branched chains, (CnF2n + iS02)2N", (CnFzn + iSOzhC where n = 1 to 5 caibon atoms in 
either straight or branched chains, and (CnFan + OPFs", (CnF2n + ih^Fi, (CnFan + \hPF3\ 
and (CnF2n + i)4PF2", where n = 1 to 5 carbon atoms in either straight or branched chains. 

S The following exan^les describe the preparation of hydrophobic salts according to this 

invention, as well as some of their physical and chemical properties that make them 
suitable for use in a broad spectrum of chemical and engineering s^plications. These 
exanq>les are intended to further illustrate, but not limit, the invention. 

1 0 Exanq)le 1 : Preparation of 1 ,3-DiGthyliniidazolium Hexafluorophosphate 

Aqueous formaldehyde (15 ml of 37 wt% formalddiyde; 0,20 mol) was magnetically 
stirred in a 250 ml Erlenmeyer flask immersed in an ice bath. Aqueous ethylamine (32 
ml of 70 wt% ethylamine; 0.40 mol) was added in drops to the cold formaldehyde. The 

15 solution was stirred 15 minutes and aqueous hexafluorophosphoric acid (30 ml of 60 

wt% HPFe; 0.20 mol) was added in small portions fix>m a plastic syringe. A white 
precipitate formed during the addition, but re-dissolved to give a clear solution, which 
was stirred -15 minutes before aqueous glyoxal (23 ml of 40 wt% glyoxal; 0.20 mol) 
was added drop-wise. The solution was stirred overnight, during which time the ice 

20 bath warmed to room temperature. A white precipitate formed. The mixture was 
stirred approximately another 30 hours at room temperature and was chilled in the 
rpMgerator. The precipitate was collected by suction filtration, washed with cold wat^, 
and dried under vacuum at room temperature to give 21.4 g (79 mmol; 40%) of crude 
product, mp 70-72 °C. Re-crystallization fix)m methanol/diethyl ether afforded 16.8 g 

25 (62 mmol; 3 1%) of analytically pure material, mp 71-73 **C. 

IR(KBr) 3178, 3120, 1568, 1167, 843 cm"* 

^HNMR (CD3CN) 8.44 (s, 1, H2), 7.39 (d, 2, H4, H5), 4.16 (q, 4), 1.46 (t, 6) ppm 
Anal. Calcd for C7H13F6N2P: C, 31.12; H, 4.86; N, 10.37. 

Found: C, 31.36; H, 4.83; N, 10.40. 

30 

Example 2: Preparation of 1,3-Diethylimidazolium Hexafluoroarsenate 
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Aqueous ethylamine (32 ml of 70 wt% ethylamine; 0.40 mol) was added in drops to ice- 
cold, magnetically stiired aqueous formaldehyde (15 ml of 37 wt% formaldehyde; 0.20 
mol) in a 250 ml Erlemneyer flask immersed in an ice bath. Aqueous hexafluoroarsenic 
acid (59 g of 65 wt% AsFsH; 0.20 mol) was added in drops, causing the separation of a 
5 white precipitate. The mixture was stirred 10 minutes before the addition of aqueous 

glyoxal (23 ml of 40 wt% glyoxal; 0.20 mol). The mixture was stirred overnight while 
the ice bath warmed to room temperature spontaneously. The two-phase reaction 
mixture consisted of an upper aqueous phase and a goldeu-yellow, viscous hquid. In 
the process of decanting the supernatant aqueous layer, the lower viscous liquid phase 

10 crystallized exothennically. The crystalline product was collected by suction filtration 

and washed with water. The product was dissolved in warm methanol and re- 
crystallized by addition of diethyl ether. The white crystalline product amounted to 
42.14 g (134 mmol; 67%), mp 61-62 °C. 
TR (KBr) 3176, 3120, 1568, 1165, 848, 756, 696 cm"^ 

15 NMR (CDsCN) 8.44 (s, 1, Ha), 7.39 (d, 2, H4, H5), 4.16 (q, 4), 1.46 (t, 6) ppm 



Example 3: Preparation of 1,3,4-Trimethylimidazolium Hexafluorophosphate 

20 Aqueous methylamine (35 ml of 40 wt% methylamine; 0.40 mol) was added in drops to 

ice-cold, magnetically stiired aqueous formaldehyde (15 ml of 37 wt% formaldehyde; 
0.20 mol) in a 250 ml Erlemneyer flask immersed in an ice bath. After 10 minutes, 
aqueous hexafluorophosphoric acid (30 ml of 60 wt% BPFel 0.20 mol) was added in 
small portions fix>m a plastic syringe. Finally, aqueous pymvic aldehyde (33 ml of 40 wt 

25 % pyruvic aldehyde; 0.20 mol) was added m drops fix)m a pipet The reaction solution 

took on the yellow color of the pyravic aldehyde. The solution was stirred while the ice 
bath was allowed to warm spontaneously. Within a few hours, a precipitate had formed 
and the color of the mixture had darkened. The mixture was stirred overnight at room 
temperature, by which time the mixture was dark red and contained a considerable 

30 proportion of soUd. The precipitate was collected by suction filtration, washed with cold 
water, and filtered giving ~30 g of crude product. The crude product was dissolved in 
warm methanol (-100 ml), the solution was filtered, and the filtrate was allowed to 
cool. Crystals formed on standing overnight. The crystals were collected, washed with 
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diethyl ether and dried under vacuum at room temperature. The yield was 21.76 g (85 

mmol; 42%) of pale yellow crystals, mp 84-86 °C. 

IR (KBr) 3186, 3157, 3128, 1616, 1587, 1456, 1169, 850 cm'^ 

^HNMR (CD3CN) 8.26 (s, 1, H2), 7.07 (s, 1, H5), 3.76 (s, 3), 3.68 (s, 3), 2.25 (d, 3) ppm 
5 Anal. Calcd for CeHnFeNzP: C, 28.13; H, 4.34; N, 10.94. 

Found: C, 28.35; H, 4.24; N, 10.93, 

Exanople 4: Preparation of 1,2,3,4-Tetramethylimidazolium Hexafluorophosphate 

10 

Aqueous mefhylamine (35 ml of 40 w/o methylamine; 0.40 mol) was added in a 
drop wise fashion to an ice-cold, magnetically stirred solution of acetaldehyde (12 ml; 
0.20 mol) in 350 ml of water in a 500 ml Erlenmeyer flask in an ice bath. Aqueous 
hexafluorophosphoric acid (30 ml of 60 wt% HPF6; 0.20 mol) was added slowly in 

15 small portions fiom a plastic syringe. Aqueous pyruvic aldehyde (33ml of 40 wt% 

pyruvic aldehyde; 0.20 mol) was then added drop wise fixim a pipet. The solution was 
stirred overnight while the ice balh was allowed to warm spontaneously. The 
precipitate, which formed overnight was collected by suction filtration and washed with 
cold water. The crude product was re-crystallized fiom methanol to give 11.46 g (42 

20 mmol; 21%) of 1,2,3,4-tetramethylimidazolium hexafluorophosphate as white crystals, 
mp 151-153 °C. 

IR(KBr) 3145, 2970, 1630, 1554, 1446, 1209, 847, 787 cm"^ 

NMR (CD3CN) 6.97 (d, 1, H5), 3.65 (s, 3), 3.55 (s, 3), 2.47 (s, 3), 2.23 (d, 3) ppm 
Anal. Calcd for C7H13F6N2P: C, 31.12; H, 4.86; N, 10.37. 
25 Found: C, 31.37; H, 4.91; N, 10.47. 

Example 5: Preparation of 1,3,4,5-Tetramethylimidazolium Hexafluorophosphate 

30 Aqueous methylamine (35 ml of 40 wt% methylamine; 0.40 mol) was added in a drop 

wise manner to ice-cold, magnetically stirred aqueoizs formaldehyde (15 ml of 37 wt% 
formaldehyde; 0.20 mol) in a 250 ml Erlenmeyer flask in an ice bath. Aqueous 
hexafluorophosphoric acid (30 ml of 60 wt% HPFe; 0.20 mol) was added in small 
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portions from a plastic syringe, followed by drop wise addition of 2,3-butanedione (17.6 
ml; 17.3 g; 0.20 mol). The reaction solution became yellow and viscous; it was stirred 
overnight while the ice bath wamied to room temperature. The mixture was chilled in 
the refrigerator. The precipitate was collected by suction filtration, washed with cold 

5 water, and dried imder vacuum at room temperature to give 27.0 g (100 mmol; 50%) of 
crude product, mp 151-155 °C. Re-crystallization from methanol afforded analytically 
pure material (23.0 g; 85 mmol; 43%), mp 156-158 °C. 
JR (KBr) 3190, 3128, 1585, 1454, 1213, 843 cm"^ 

NMR (CD3CN) 8.22 (s, 1, H2), 3.66 (s, 6), 2.19 (s, 6) ppm 

10 Anal. Calcd for C7H13F6N2P: C, 31.12; H, 4.86; N, 10.37. 

Found: C, 31.39; H, 4.94; N, 10.44. 



15 

Example 6: Preparation of 1,2,3,4,5-Pentamethylimidazolium Hexafluorophosphate 

Aqueous metfaylamine (36 ml of 40 wt% methylamine; 0.42 mol) was added in a drop 
wise fashion to a cold, magnetically stirred solution of acetaldehyde (12 ml; 9.4 g; 0.21 

2Q mol) in water (-350 ml) in a 500 ml Erlenmeyer flask in an ice bath. The solution was 
stirred for 10 minutes and aqueous hexafluorophosphoric acid (30 ml of 60 wt% HPFe; 
0.20 mol) was slowly added from a plastic syringe. The solution was stirred 10 minutes 
before 2,3-butanedione (18 ml; 17.7 g; 0.21 mol) was added drop wise. The solution 
took on a pale yellow color and within 30 minutes, a precipitate formed. The mixture 

25 was stirred for two days at room temperature. The precipitate was collected by suction 
filtration, washed with water, and allowed to air dry. The crude product amounted to 
27.9 g (98 mmol; 49%) of yellow crystals. Re-crystalhzation fix>m methanol afforded 
pale yellow crystals, mp 165-167 °C. 
IR(KBr) 1651, 1549, 1450, 843 cm'^ 

30 NMR (C353CN) 3.54 (s, 6), 2.47 (s, 3), 2.18 (s, 6) ppm 

Example 7: Preparation of l,3-Di-«-PropylirDidazoUum Hexafluorophosphate 
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Aqueoiis fonnaldehyde (37%) (8 ml, 0.10 mol)) was chilled in a 125 ml Erlemneyer 
flask immersed in an ice-water bath. n-Propylamine (16.6 ml, 0.20 mol was added drop 
wise with stirring. Aqueous hexafluorophosphoric acid (60%) (IS ml, 0.10 mol) was 
added in small portions Scorn a plastic syringe. Aqueous glyoxal (40%) (12 ml, 0.10 
5 mol) was added drop wise and the mixture was allowed to stir overnight at room 
temperature yielding two liquid layers. The mixture was heated to SO^C for 3 hours, 
and the lower layer separated and dried overnight on a rotary evaporator at SS°C to give 
18 g (62% yield) of a li^t orange liquid. Proton NMR showed that fhis hydrophobic 
salt is comprised of l,3-di-7i-propylimida2olium hexafluorophosphate, liquid at room 
10 temperature. 

Example 8: Preparation of a Mixture of 2:1:1 ratio of l-n-Butyl-3-Ethylimidazolium, 
1,3-Diediylimidazolium, and 1,3-Di-n-ButylimidazoliumHexafluorophosphates 

15 Aqueous formaldehyde (37%) (15 ml, 0.20 mol)) was chilled in a 250 ml Erlemneyer 
flask immersed in an ice-water bath. Aqueous ethylamine (16 ml, 0.20 mol) was added 
drop wise witii stirring, followed by n-butylamine (20 ml, 0.20 mol). Aqueous 
hexafluorophosphoric acid (60%) (30 ml, 0.20 mol) was added in small portions fiom a 
plastic syringe. Finally, aqueous glyoxal (40%) (23 ml, 0.20 mol) was added drop wise 

20 and the mixture was allowed to stir for two days at room temperature yielding two 
liquid layers. The lower layer containing the dialkylated imidazolium salts was 
separated ifrom the aqueous layer via a separatory funnel and washed with 100 ml of 
cold water affording 42 g of a faint yellow liquid (70% yield). Proton NMR confirmed 
the presence of a mixture of hydrophobic substituted imidazoliiun hexafluorophosphate 

25 salts, liquid at room temperature, incorporating a 2:1:1 ratio of l-n-butyl-3- 

ethylimidazolium, 1,3-^efhylimidazolium and 1,3-di-n-butyl hexafluorophosphates. 

Example 9: Preparation of a Mixture of 2:1:1 ratio of l-«-Butyl-3-Methylimidazolium, 
30 1 ,3-Dimethylimidazoliiun, and. 1 ,3-Di-/i-Butyliimdazolium Hexafluorophosphates 

Aqueous formaldehyde (37%) (17.6 ml, 0.225 mol)) was chilled in a 250 ml 
Erlemneyer flask immersed in an ice-water bath. n-Butylamine (22.5 ml, 0.225 mol 
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was added drop wise with stirring, followed by aqueous methylamine (40%) (19.5 ml, 
0.225 mol)). Aqueous hexafluorophosphoric acid (60%) (34 ml, 0.225 mol) was added 
in small portions 6om a plastic syringe. Aqueous glyoxal (40%) (27 ml, 0.225 mol) 
was added drop wise and tiie mixture was allowed to stir overnight at room temperature 
5 yielding two liquid phases. The mixture was heated to 50°C overnight, cooled, and the 
lower layer separated and lyophilized to give 60 g (95% yield) of a Ught brown liquid. 
Proton NMR and mass spectrometry showed that this hydrophobic ionic liquid is 
comprised of a mixture of 2:1:1 ratio of l-n-butyl-3-methylimidazolium, 1,3- 
dimethylimidazolium and 1,3-di-n-butyl hexafluorophosphates. 

10 

Example 10: Preparation of a Mixture of a 5:1:4 Ratio of l-«-Butyl-3- 
MethylimidazoUmn, 1,3-Dimethylimidazolium, and 1,3-Di-n-Butylhnidazolium 
Hexafluorophosphates 

15 Aqueous formaldehyde (37%) (15.6 ml, 0.20 mol)) was chilled in a 250 ml Erlemneyer 
flask immersed in an ice-water bath. n-Butylamine (22.5 ml, 0.225 mol was added drop 
wise with stirring, followed by aqueous me&ylamine (40%) (15.1 ml, 0.175 mol). 
Aqueous hexafluorophosphoric acid (60%) (30 ml, 0.20 mol) was added in small 
portions from a plastic syringe. Aqueous glyoxal (40%) (24 ml, 0.20 mol) was added 

20 drop wise and the mixture was allowed to stir overnight at room temperature yielding 
two liquid layers. The mixture was heated to 50°C overnight and the lower layer 
separated via a separatory funnel and dried on a rotary evj^orator at 55°C overnight to 
give 56 g (99% yield) of a light orange liquid. Proton NMR and mass spectrometry 
showed that this hydrophobic ionic liquid is comprised of a mixture of 5:4:1 ratio of 1- 

25 n-butyl-3-mefhylimidazolium, l,3-dimethylimidazoli\rai and l,3-di-«-butyl 
hexafluorophosphates. 

Example 11: Ionic Conductivity and Viscosity 

30 We have measured the room temperature conductivities and viscosities of l-w-butyl-3- 
efliylimidazolium hexafluorophosphate (BEIPFe), 1,3-Diethlyimidazohum 
hexafluorophosphate pEIPFe), and the 2:1:1 mixture of l-n-butyl-3-efhylimidazolium, 
l,3-diethyliinida2olium and 1,3-di-n-butyIimidazolium hexafluorophosphates. BEIPFe 
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was prepared fix>m 1-efhylimidazole, n-butylbromide (both from Aldrich) and KPF6 
(StremX and purified in accordance with the multi-st^ route described in U.S. Patent 
No. 5,827, 602. DEIPFc (which is a solid at room traiperature) was prepared fix>m 1- 
ethylimidazole, ettiylbromide (both fix)m Aldrich) and KPFs (Strem), and purified in 
5 accordance with the multi-step route described in U.S. Patent No. 5,827, 602. We 
found that neat BEIPF6 is twice as conductive as the 2:1:1 mixture as shown in Table 1. 
This finding is reasonable given that the viscosity data reveal that fte 2:1:1 mixture is 
more than twice as viscous as the BEIPFe. 



10 We have also found, surprisingly, that a 2:1 :1 noixture of l-n-butyl-3-ethylimidazolium, 
1,3-diethylimidazolium and 1,3-di-n-butylimidazolium hexafiuorophosphates when 
dissolved in acetonitrile manifest higher room temperature conductivities than either 
BEIPF6 or DEIPF6 dissolved in acetonitrile (AN) alone (Table 1). This result is 
counterintuitive since one skilled in the art would expect that the 2:1:1 mixture (which 

15 comprise the large, poorly mobile 1,3-di-n-butylimidazolium cation) would be less 
conductive than a solution of the smaller diethylimidazolium and l-n-butyl-3- 
etfaylimidazolium cations dissolved in AN. Indeed, our viscosity measurements on 
samples of the 2:1:1 mixture, DEIPFe, and BEIPFa dissolved in AN confirms tius 
hypothesis: the viscosities of the 2.0M BEIPFe and 2.0M DEIPFe in AN are slightly 

20 lower than the viscosity of 2.0M 2:1:1 mixture in AN. This, in turn, implies that the 
ionic conductivities of the BEIPFe/AN and DEIPFe/AN solutions should be higher. We 
believe that there may be some synergistic solvation effects among the three 
polyalkylated imidazoUum cations and the AN solvent that imexpectedly enhance the 
ionic conductivity of the solution. 

25 



Table 1 : Specific Conductivities and Viscosities of Various Ionic Liquids at 22°C 

Ionic Liquid conductivity, mS/cm viscosity, cP 

30 

2:1:1 mixture (neat) 1.6 251 

BEIPF6(neat) 3.3 112 
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10 



1.5M 2:1:1 mixture/AN 42.0 

1.5M BEIPFe/AN 41.0 

2.0M 2:1:1 mixture/AN 43.0 1.4 

2.0M BEIPFe/AN 38.9 1.3 

2.0M DEIPF6/AN 41.4 1.2 

3.0M 2:1:1 mixture/AN 25.9 

3.0M BEIPFe/AN 23.0 



Because the sensitivily of the conductivity measurements was ±0.1 mS/cm, these data 
clearly demonstrate that one can achieve higher ionic conductivities over various 
concentrations hy employing a mixture of hydrophobic ionic liquids instead of a single 
hydrophobic ionic liquid. Hydrophobic ionic liquid mixtures, when dissolved in a 
15 suitable solvent, would find use as high conductivity electrolytes in electrochemical 
power sources. Preferably these solvents are linear and cyclic organic carbonates, 
ethers, ketones, esters, formates, nitriles, nitro derivatives, amides, sulfones, sulfolanes, 
sulfonamides, partially halogenated hydrocarbons, polymers and combinations thereof 



20 

Exanople 12: Response to Microwave Radiation 

The thermal stability and lack of a vapor pressure make ionic liquids materials ideal for 
microwave assisted organic synthesis as described by Westman in WO 00/72956. We 

25 have found that a 2:1:1 mixture of l-/i-butyl-3-ethyIimidazolium, 1,3- 
diethylimidazolium and l,3-di-72-butylimidazolium hexafluorophosphates absorb 
microwave radiation at a faster rate than l-n-butyl-3-ethylimidazolium 
hexafluorophosphate (BEIPFe) hydrophobic ionic liquid alone. Sasnples of 4 ml each of 
neat BEIPFe, the neat 2:1:1 mixture, and water were subjected to microwave radiation 

30 provided by a smaU kitchen unit The temperature of each sample was measured by a 
digital thermocouple as a function of various irradiation times. As shown in Figure 1, 
after 7 seconds of irradiation the water warms up &om room temperature to 65**C, while 
the 2:1:1 mixture reaches a temperature of 160®C compared tollS^'C for the single 
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BEIPFs ionic liquid. Therefore, the neat 2:1:1 mixture of three hydrophobic ionic 
liquids is a more efficient medium for the absorption of thermal energy mduced by 
microwave radiation. 

5 We have also found tiiat when a 2:1:1 mixture of l-7i-butyl-3-ethylimidazolium, 1,3- 
diethylimidazolium and 1,3-di-n-butylimidazoIium hexafluorophosphates is dissolved 
in an organic solvent such as propylene carbonate, the mixture absorbs microwave 
radiation at a faster rate than either l-n-butyl-3-ethylimidazolium hexafluorophosphate 
(BEIPFg) or 1,3-diethylimidazolium hexafluorophosphate (DEIPFa) dissolved alone in 
10 propylene carbonate (PC). Figure 2 shows that the 2:1:1 mixture reaches a temperature 
of 220°C after 7 seconds while the BEIPFe and BEIPFe reach a temperature of 195°C. 
Therefore, the 2:1:1 mixture of three hydrophobic ionic liquids dissolved in PC is a 
more efficient medium for the absorption of thermal energy induced by microwave 
radiation. 

15 

The improved rate of microwave absorption is observable both of the ionic liquids are 
used neat or if they are in solution. Solvents usable for these solutions are preferably 
organic solvents and include linear and cyclic organic carbonates, ethers, ketones, 
esters, formates, nitriles particularly acetonitrile), nitro derivatives, amides, sulfones, 
20 sulfolanes, sulfonamides, partially halogenated hydrocarbons, polymers and 
combinations thereof 

Those with expertise in this technology will recognize variations that are consistent with 
the disclosure hereiiL 
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CLAIMS 

1 . A process for making one or more hydrophobic ionic salts comprising 

a. mixing aqueous formaldehyde with one or more alkyl amines to form a mixture, 

b. adding the acid form of the desired anions of said hydrophobic ionic salts to said 
mixture, 

c. adding aqueous glyoxal solution to said mixture, 

d. allowing tiie components of said mixture to react and 

e. separating said hydrophobic ionic salts fixjm said mixture. 

2. The process of claim 1 wherein said hydrophobic ionic salts are ionic liquids. 

3 . The process of claim 2 wherein a single hydrophobic ionic liquid is made. 

4. The process of claim 2 wherein two or more hydrophobic ionic liquids are made. 

5. The process of claim 4 wherein said hydrophobic ionic liquids have improved 
ionic conductivity. 

6. The process of claim 4 wherem said hydrophobic ionic liquids have improved 
absorption of microwave energy. 

7. The process of claim 2 wherein said hydrophobic ionic liquids have tiie structure 




X" 
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wherein Ri and R3 are the alkyl moieties of said alkyl amines, each of R2, R4, and Rs is 
hydrogen or said alkyl moiety, and X" is said anion. 

5 8. The process of claim 7 wherein said alkyl moieties are the same. 

9. The process of claim 7 wherein said alkyl moieties are different. 

10. The process of claim 9 wherein at least one of said alkyl moieties comprises 4- 
10 10 carbon atoms. 

1 1 . The process of claim 7 wherein said anion is a polyatomic anion of an acid 

12. The process of claim 1 1 wherein said anion is selected &am the group consisting 
15 of PFe", AsFg", SbFe', CnF2n + 1CO2', CJPin + 1SO3", where n = 1 to 10 carbon atoms in 

either straight or branched chains, (CJ^2n + 1802)2!^, (CnF2n + iS02)3C', where n = 1 to 5 
carbon atoms in either straight or branched chains, and (CnF2n + OPFs", (CrFin + i)2PF4', 
(CJF2n+i)3PF3",and 

(CnF2n + OaPPi", where n = 1 to 5 cazbon atoms in either straigiht or branched chains. 

20 

13 . The process of claim 12 wherein sail anion is PFe'. 

14. The process of claim 7 wherein said alkyl amines are selected fix>m the group 
consisting of C1.20 alkyl amines, where C1.20 alkyl is a linear, cyclic, or branched 

25 hydrocarbon group having from 1 to 20 carbon atoms. 

15. The process of claim 14 wherein the alkyl moieties of said alkyl amines are 
selected firam the group consisting of methyl, ethyl, n-propyl, iso-propyl, cyclopropyl, 
n-butyl, sec-butyl, t-butyl , cyclobutyl, pentyl, cyclopentyl, hexadecyl, heptadecyl, 

30 octadecyl, and nonadecyl. 
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16. Hie process of claim 2 wherein said alkyl amines are selected from the group 
consisting of C1.20 alkyl amines, where C1.20 alkyl is a linear, cyclic, or branched 
hydrocarbon group having firom 1 to 20 carbon atoms. 

5 17. The process of claim 16 wherein the alkyl moieties of said alkyl amines are 

selected from the group consisting of methyl, ethyl, n-propyl, iso-propyl, cyclopropyl, 
n-butyl, sec-butyl, t-butyl group, cyclobutyl, pentyl, cyclopentyl, hexadecyl, heptadecyl, 
octadecyl, and nonadecyl. 

10 18. A process for improving the ionic conductivity in a solvent of an initial 

hydrophobic ionic liquid comprising adding to said solvent one or more different 
hydrophobic ionic liqxuds. 

19. The process of claim 18 wherein one or more of said hydrophobic ionic liquids 
1 5 has the structure of claim 7. 

20. The process of claim 18 wherein said initial hydrophobic ionic liquid has the 
stracture of claim 7 and said diflEerent hydrophobic ionic liquids have the structure of 
claim 7 , wherein each of said diflferent hydrophobic ionic liquids differs from said 

20 initial hydrophobic ionic liquid in Ri or R3 or in both Ri and R3. 

21. The process of claim 20 wherein 2 of said different hydrophobic ionic liquids 
having the structure of claim 7 are added. 

25 22. The process of claim 1 8 wherein said solvent is an organic solvent. 

23. The process of claim 22 wh^ein said solvent is selected from the group 
consistmg of linear and cyclic organic carbonates, ethers, ketones, esters, formates, 
nitriles, nitro derivatives, amides, sulfones, sulfolanes, sulfonamides, partially 

30 halogenated hydrocarbons, polymers and combinations thereof 

24. The process of claim 23 wherein said solvent is acetonitrile. 
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25. A process for improving the rate of absorption of microwave energy of an initial 
hydrophobic ionic liquid conq}rising adding to said liquid, one or more difiTerent 
hydrophobic ionic liquids. 

S 26. The process of claim 25 Miierein one or more of said hydrophobic ionic liquids 
has the structure of claim 7. 

27. The process of claim 25 wherein said initial hydrophobic ionic liquid has the 
structure of claim 7 and said different hydrophobic ionic liquids has the structure of 

10 claim 7, wherein each of said different hydrophobic ionic liquids differs from said 

initial hydrophobic ionic liquid in Ri or R3 or in both Ri and R3. 

28. The process of claim 27 wherein 2 of said different hydrophobic ionic liquids 
having the structure of claim 7 are added 

15 

29. The process of claim 25 wherein said hydrophobic ionic liquids are in a solvent. 

30. The process of claim 29 wherein said solvent is an organic solvent 

20 31. The process of claim 30 wherein said solvent is selected from the group 

consisting of linear and cyclic organic carbonates, ethers, ketones, esters, formates, 
nitriles, nitro derivatives, amides, sulfones, sulfolanes, sulfonamides, partially 
halogenated hydrocarbons, polymers and combinations thereof. 

25 32. The process of claim 3 1 wherein said solvent is acetonitrile. 

33. A mixture of hydrophobic ionic liquids in a solvent, said mixture having 
improved ionic conductivity as compared to the ionic conductivity of any one 
hydrophobic ionic liquid in said mixture, wherein said solvent is an organic solvent. 

30 

34. The mixture of claim 33 wherein said solvent is selected from the group 
consistiag of linear and cyclic organic carbonates, ethers, ketones, esters, formates. 
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nitriles, nitro derivatives, amides, sulfones, sulfolanes, sulfonamides, partially 
halogenated hydrocaibons, polymers and combinations thereof. 

35. The mixture of claim 34 wherein said solvent is acetonitrile. 

5 

36. A mixture of hydrophobic ionic liquids, each of said liquids having the structure 
of claim 7, said mixture having increased rate of absorption of microwave energy as 
compared to the rate of absorption of microwave energy of any one hydrophobic ionic 
liquid in said mixture. 

10 

37. The mixture of claim 36, wherein said mixture also contains an organic solvent 



38. The mixture of claim 37 wherein said solvent is selected from the group 
consisting of linear and cyclic organic carbonates, ethers, ketones, esters, formates, 

15 nitriles, nitro derivatives, amides, sulfones, sulfolanes, sulfonamides, partially 

halogenated hydrocarbons, polym^ and combinations thereof. 

39. The mixture of claim 38 wherem said solvent is acetonitrile. 

20 40. A mixture of hydrophobic ionic liquids, each of said hydrophobic ionic Uquids 

having flie structure of claim 7. 

41 . The mixture of claim 40, said mixture also comprising a solvent. 



25 



22 



V/O 02/094883 



PCT/US02/01766 



1/2 




wo 02/094883 



PCTAJS02/01766 



2/2 




I 8 S § 

(Og) ajnieieduiai 



